Converting earth-abundant dinitrogen into value-added chemical ammonia is a significant yet challenging topic. Electrocatalytic nitrogen reduction reaction (NRR), compared with conventional Haber-Bosch process, is an energy-saving and environmentally friendly approach.
Introduction
Ammonia (NH3) is an indispensable chemical in industry and agriculture because it not only can serve as a precursor to the production of many kinds of fertilizers, chemicals for daily use, and pharmaceuticals, but also is a clean, carbon-free energy carrier whose combustion products (dinitrogen and water) are all environmentally benign. 1-3 Nitrogen fixation, converting dinitrogen (N2)-the most abundant gas in Earths' atmosphere which cannot be directly utilized by human beings-into value-added chemical ammonia, is undeniable an urgent topic ever since human industrialization. According to Mineral Commodity Summaries from US Geological Survey, about 170 million tons of ammonia in total were produced globally in 2018. 4 A major challenge in nitrogen fixation is breaking the chemically inert N≡N triple bond, leading to the fact that conventional nitrogen fixation approach-Haber-Bosch (H-B) process requires high temperature and pressure and is highly energy consuming, accounting for around 2% of global supply of energy. [5] [6] [7] [8] [9] [10] Besides, H-B process needs large plant infrastructure and may raise environmental issues such as emission of carbon dioxide, taking up about 1% of total greenhouse gas emission. 10, 11 Electrocatalytic nitrogen reduction reaction (NRR, N2+6H + +6e -->2NH3), inspired by the biological NRR with nitrogenase enzymes, can be a promising alternative for H-B process because the reaction can take place at ambient condition. 7, 11, 12 Discovering the electrocatalysts for NRR with high activity and selectivity is a significant task for both fundamental research and industrial applications. 13 The past decade has witnessed the efforts to investigating metals, 13, 14 metal oxides, 15 metal nitrides, 16 metal carbides, 17 and metal phosphides 18 as NRR electrocatalysts by means of density functional theory (DFT) calculations. However, the relatively low utilization percentage of active materials and high cost of these metal-based electrocatalysts hinder their experimental realization.
Recently, another group of catalysts-single-atom catalysts (SACs), have appeared in the vision of researchers. SACs, which are defined as isolated atoms anchored on the substrates, exhibit remarkable catalytic performance and relatively lower cost because of the full utilization of active metal atoms, high selectivity, and stability. 19 Aside from these features, transition metal (TM) based SACs can be very effective especially for NRR because d electrons of the single metal supported on substrate are more active than those in the aggregated form, and are more possible to activate the N≡N triple bond. DFT calculations predict that transition metal (TM) atoms embedded in two-dimensional boron nitride, 20 nitrogen-doped graphene, 21, 22 graphitic carbon nitride, [23] [24] [25] and transition metal dichalcogenides, 26, 27 are outstanding SACs for NRR. Nevertheless, in experiments, examples of SACs for NRR are scarce and only limited to single transition metal (TM) supported on nitrogen-doped carbon [28] [29] [30] [31] and more efforts into this burgeoning area are still needed.
Metal-organic frameworks (MOFs) have recently demonstrated their potential to form SACs due to tunable geometric structure and large surface area. 32-34 7,7,8,8- tetracyanoquinodimethane (TCNQ), an outstanding electron acceptor, can serve as a substrate for forming MOFs. Many transition metal supported on TCNQ structures have been synthesized in experiments with their electronic and magnetic properties widely studied. [35] [36] [37] For electrocatalytic applications, on the other hand, different TM-TCNQ monolayers have been predicted by DFT calculations to be promising electrocatalysts for oxygen evolution and reduction 38, 39 , CO oxidation 40 , and CO2 reduction 41 . However, the applications of TM-TCNQ as electrocatalysts for NRR have not been investigated theoretically or experimentally.
Based on the information given above, in this work, we use DFT calculations to search for the potential candidates as electrocatalysts for NRR in TM-TCNQ monolayers by screening 17 TM elements which are common on the earth (Sc-Zn, Mo, Ru-Pd, Ag, Pt, Au). Gibbs free energy calculations are conducted to evaluate the NRR performance of the selected samples, and stability and NRR selectivity of these SACs are further checked.
Computational Methods
All spin-polarized DFT and AIMD calculations were performed by employing the projector-augmented wave method implemented in the Vienna ab initio Simulation Package (VASP). 42, 43 Perdew-Burke-Ernzerhof (PBE) flavor of the generalized gradient approximation 44 was chosen as the exchange-correlation functional. For the consideration of van der Waals interactions, Grimme's DFT-D3 semiempirical scheme was applied. 45 Kinetic energy cut-off was set as 400 eV and the first Brillouin zone was sampled with Gamma-centered 7×5×1 Monkhorst-Pack meshes. Both cell and ionic degrees of freedom of all structures were allowed to relax until convergence criteria (10 -5 eV for energy and 0.02 eV Å -1 for force) were satisfied. Vacuum layer with thickness larger than 20 Å was used to avoid spurious interactions between adjacent cells.
Grid-based Bader charge analysis 46 was used to calculate the charge transfer. AIMD simulations were performed in NVT ensemble with Nosé -Hoover thermostat. 47, 48 Structures were visualized with VESTA package 49 , and VASPKIT code 50 was used for processing the calculation results from VASP.
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NRR was considered as a six net coupled proton and electron transfer (CPET) process and one coupled proton and electron was transferred from the solution to the surface of electrocatalyst for each step. The Gibbs free energy was calculated using the following formula: 51 
ΔG=ΔEDFT+ΔEZPE
where kB and R represent Boltzmann constant and gas constant, respectively.
Results and Discussions

Screening TM-TCNQ Monolayers for NRR and the N2 activation
The structures of TM-TCNQ are modelled by 2×2 supercell with twelve carbon atoms, four nitrogen atoms, four hydrogen atoms, and one TM atom. A prototypical DFT-optimized structure of TM-TCNQ-Sc-TCNQ is shown in Fig. 1 . The lattice constants for TM=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru, Rh, Pd, Ag, Pt, and Au are listed in Table S1 . 41 All TM-TCNQ structures exhibit planar structures and each TM atom coordinates with four nitrogen atoms from TCNQ.
From Bader charge analysis, in Sc-TCNQ, Ti-TCNQ, and V-TCNQ, TM atom transfers 1.87 e -, 1.80 e -, and 1.46 eto the TCNQ substrate, indicating that TCNQ can accept electrons from TM atoms. We further calculate the electron localized function (ELF) and show the contour plot in Fig.   1a . ELF values close to 0.5 and 1 suggest metal bond (delocalized electrons) and covalent bond (localized electrons), respectively, while ELF values smaller than 0.5 represent ionic bond. 55, 56 From Fig. 1a , we can conclude that ionic bond forms between Sc and adjacent N atoms. Inside TCNQ substrate, on the other hand, covalent bond forms between atoms. The N2 adsorption and activation of the N≡N triple bond is the first and vital step for NRR. 12, 13 In this concern, before proceeding to study NRR reaction pathways, we first examine the N2 adsorption on TM-TCNQ. Two adsorption patterns of N2 are considered-side-on configuration with both N atoms bind with TM atom (active site for NRR), and end-on configuration with one of the N atoms bind with TM atom (Fig. S1 ). Each configuration could lead to different NRR reaction pathways. From pioneer theoretical investigations, NRR is a complicated process and several pathways have been concluded. 20, 22, 57 For end-on configuration, distal, alternating, and their mixed mechanisms can be possible (Fig. S2) ; for side-on configuration, enzymatic, consecutive, and their mixed mechanisms are proposed ( Fig. 2) . As a result, screening the N2 adsorption ability and configuration on TM-TCNQ for each TM is our top priority. To further screening the remaining nine structures for NRR, we further calculate the Gibbs free energy change for *N≡N + (H + +e -) -> *N=NH (end-on) and *N≡N* + (H + +e -) -> *N=NH* (side-on), because these steps (the first hydrogenation step in Fig. 2 and Fig. S2 ) are proven to be the potential limiting step (PLS) for multiple cases of TM-based SACs for NRR from previous publications. 21, [58] [59] [60] [61] Results shown in Fig. 3b indicate that for all six end-on structures, the corresponding Gibbs free energy change values ΔG(NNH) are larger than 1.0 eV. These values are much higher than most of the reported SACs for NRR and will lead to high overpotential and mediocre NRR performance. On the other hand, for Sc, Ti, V-TCNQ, side-on N2 adsorption patterns can result in ΔG(NNH) values smaller than 1.0 eV. To conclude, after the two-step screening process shown above, we have identified these 3 structures out of 34 for further investigations. Electronic structure is an important factor for evaluating the N2 activation on NRR catalysts. Use Sc-TCNQ as an example, we find that density of states (DOS) for pure Sc-TCNQ ( Fig. 4a ) clearly show the metallic character, which facilitates fast charge transfer and is beneficial to the potential electrocatalytic process. DOS plot for N2 in gas phase is show in Fig. 4b, where the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) are respectively located at πg * 2p and σg2p orbitals, which are consistent with literature. 62 πg * 2p, σg2p, and πµ2p orbitals from N2 all match with DOS for Sc-TCNQ, leading to the hybridization and delocalization of orbitals in Sc-TCNQ with N2 adsorption (Fig. 4c ). This can lead to the effective activation of N2 on the catalyst, which can be confirmed by the fact that N-N bond is elongated from 1.098 Å (in gas phase N2) to 1.16 Å. Charge transfer is also validated by Bader charge analysis result that Sc-TCNQ transfers 0.32 eto the adsorbed N2 molecule. In addition, ELF map (Fig. 4e) shows that ionic bonds form between Sc and the adsorbed N.
Gibbs Free Energy Diagrams and NRR Reaction Pathways
To gain a deeper view of the most probable NRR mechanisms, we perform calculations of Gibbs free energy for each intermediate in each step (Table S3 -S5) to obtain the Gibbs free energy diagram for NRR. Here we only focus on the enzymatic, consecutive, and the mixed mechanism ( Fig. 2) for Sc, Ti, V-TCNQ after the two-step screening discussed above ( Fig. 3 ) and the result is shown in Fig. 5 . The DFT-optimized structures for the relevant intermediates for Sc and Ti-TCNQ are plotted in Fig. S3 as examples. In the calculations, six consecutive protonation steps are considered, and two ammonia molecules are formed with the general formula of N2+6(H + +e -)->2NH3. The energetically favorable pathway for Sc and Ti-TCNQ is enzymatic-consecutive mixed pathway, while for V-TCNQ, consecutive pathway is adopted.
Potential-limiting step (PLS) is defined as the reaction step with the highest Gibbs free energy increase and PLS determines the performance of the electrocatalysts. From Fig. 5 , we can conclude that the PLS for Ti and V-TCNQ is the first protonation step *N≡N*-> *N=NH* with 0.47 and 0.81 eV free energy change, and for Sc-TCNQ, the fourth step *NH-NH2*->*NH+NH3
is PLS (0.58 eV). With a limiting potential U=-0.58, -0.47, and -0.81 V for Sc, Ti, and V-TCNQ, respectively, all reaction pathways can be exothermic (Fig. 5 ). Usually, overpotential (η) is an indicator for determining catalytic activity, and η for NRR is defined as η=Uequilibrium-Ulimiting, 20 and
Uequilibrium is calculated to be -0.25 V in this work (Gibbs free energy change for the total reaction).
Therefore, η values for Sc-TCNQ, Ti-TCNQ, and V-TCNQ are 0.33 V, 0.22 V, and 0.56 V, respectively. The overpotential values for Sc and Ti-TCNQ are much lower than the majority of reported NRR SACs, such as Mo on nitrogen doped graphene (N3-G) (0.34 V) 21 , Mo on grapheneboron nitride hybrid sheet (0.42 V) 64 , and Fe on MoN2 (0.47 V) 65 , indicating that Sc-TCNQ and Ti-TCNQ are outstanding electrocatalysts for NRR.
To further understanding the NRR catalytic activity of TM-TCNQ, we perform Bader charge analysis along the most favorable reaction pathway, and each intermediate is divided into three moieties: the TCNQ nanosheet (denoted as moiety 1), single TM atom (denoted as moiety 2), and the adsorbed NxHy (moiety 3). Results for Sc and Ti-TCNQ are plotted in Fig. 6 . We can see that for all three moieties, there is obvious charge fluctuation, but generally, the TCNQ nanosheet act as an electron acceptor, receiving over 1.0 efor each step while the TM atom donates more than 1.5 e -. Nevertheless, the fluctuation of Bader charge for TM is very small, indicating that TM atom also acts as a transmitter to the charge transfer between the TCNQ nanosheet and NxHy moiety. Since HER is the major competing reaction for NRR, we also compare the adsorption Gibbs free energy of N2 and H for Sc, Ti, and V-TCNQ. Results shown in Fig. S4 indicate that the adsorption of N2 is more energetically favorable than H, ensuring the high selectivity of NRR over HER.
Stability of TM-TCNQ Monolayers (TM=Sc and Ti)
In the final part, we test the stability of Sc and Ti-TCNQ, which are all good candidates for NRR electrocatalysts. First, to confirm that single metal aggregation will not occur on the surface of TCNQ, we compare the binding energy (Eb) of the single atom and the cohesive energy (Ec) for metal aggregation, which are defined as Eb=ETM-TNCQ-ETNCQ-ETM and Ec=(ETM-bulk-nETM)/n, respectively, where ETM and ETM-bulk represent the energy of single transition metal atom and total energy of transition metal in crystal, while n denotes the metal atoms in the unit cell of the crystal.
Eb values are calculated to be -9.29 and -9.98 eV for Sc and Ti on TCNQ, while the Ec values are -4.59 and -6.76 eV, indicating that binding to the substrate is more energetically favorable than aggregating into clusters for both Sc and Ti and the single atoms can be stably deposited onto the substrate as active sites.
To ensure the thermal stability of the SACs, we further perform AIMD simulations at 500 K and plot the total energy as a function of simulation time for Sc and Ti-TCNQ. Results in Fig. 7 exhibit that the total energy of Sc and Ti-TCNQ quickly converge and oscillate around the equilibrium. The structures after 5 ps AIMD simulations (inset in Fig. 7a and 7b ) do not show an obvious structural reconstruction, and after geometric relaxation, the structures can recover again.
These evidences clearly demonstrate that Sc and Ti-TCNQ are thermally stable with the temperature up to 500 K. 
Conclusions
In this work, by means of first-principles calculations, we systematically study the potential application of TM-TCNQ, a group of novel single-atom catalysts, on electrocatalytic NRR. From a two-step screening process, we identify three systems-Sc, Ti, and V-TCNQ with side-on N2 adsorption pattern-from 34 structures. N2 adsorption and activation are ensured by the unique electronic properties of TM-TCNQ and the 'acceptance-donation' mechanism. Gibbs free energy 
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